We investigated GroEL substrates from Bacillus subtilis 168 using the single-ring mutant of B. subtilis GroEL. We identified 28 candidates for GroEL substrates, of which Spo0B, Ald, Eno, SpoIIP, and FbaA were involved in spore formation, and Rnc, Tuf, Eno, Tsf, and FbaA were essential for B. subtilis growth. As observed at the protein level, the amount of SpoIIP interaction with GroEL increased at 3 h after initiation of sporulation.
Molecular chaperone GroEL and its cofactor GroES are essential for the folding of newly translated proteins under all growth conditions. GroEL forms a homotetradecameric double-ring structure composed of about 57 kDa subunits, 1) and GroES is a homoheptameric dome-shaped structure composed of 10 kDa subunits. 2) GroEL recognizes the exposed hydrophobic surfaces of nonnative proteins with hydrophobic sites on the apical domains.
3) Recently, in vivo substrates of GroEL were identified from two Gram-negative bacteria, Escherichia coli 4) and Thermus thermophilus. 5) In E. coli, approximately 250 proteins that interact with GroEL were identified when His 6 -tagged Methanosaricina mazei GroES was used as a cofactor. Furthermore, 24 substrates were identified in crystals of the T. thermophilus GroEL/GroES complex. Few substrates were common to E. coli and T. thermophilus, indicating that GroEL has a wide range of substrate specificity, according to the protein spectrum of its host cells.
To understand the diversity of GroEL substrates in bacteria, we chose Bacillus subtilis as a study organism because it is one of the best-characterized bacteria and is used as a model for Gram-positive bacteria. When nutrients are exhausted, this bacterium initiates sporulation, and various sets of sporulation-specific genes are turned on sequentially. Hence, B. subtilis has a different protein spectrum from E. coli or T. thermophilus. Moreover, it has been reported that groES and groEL are the only genes essential for protein folding in B. subtilis. 6) In this report, we describe the identification of 28 candidates for substrates of B. subtilis GroEL using the single-ring mutant (SRI) of B. subtilis GroEL, because this mutant cannot release bound substrates or GroES. 7) To yield a stable GroE-substrate complex, B. subtilis GroEL SRI was constructed. This mutant has four amino acid substitutions (R452E, E461A, S463A, and V464A, in E. coli GroEL) that prevent the formation of a doublering structure and the release of GroES, 7) and hence substrates can be observed to accumulate in the closed folding cage formed by the molecule. The oligonucleotide primers H30BL-F (5 0 -TTGGTACCGCAAAAGA-AATTAAGTTTAGTG-3 0 ; BamHI site underlined) and H30BL-R (5 0 -TTCCCGGGTTTATTACATCATTCCA-CCC-3 0 ; SmaI site underlined) were used to amplify the wild-type groEL gene from B. subtilis 168 genomic DNA. The DNA fragment was first ligated into BamHIand SmaI-treated pQE30 (Qiagen, Hilden, Germany) to yield pBL30. Mutations (R449E, E458A, S460A, and V461A in B. subtilis) were introduced by oligonucleotide-directed mutagenesis of the pBL30 vector, in accordance with the method of Weissman et al. 7) Using the resulting construct (pBL-SRI30) as a template, the Shine-Dalgarno sequence plus the His 6 -groEL SRI fusion gene were amplified by PCR using NHisSRI-F (5 0 -GTGACTAGTTAACAATTTCACAC-3 0 ; SpeI site underlined) and H30BL-R primers (see above). This fragment was ligated into pWH1520 (MoBiTec, Goettingen, Germany), which had previously been digested with the appropriate restriction enzymes, to construct the His 6 -groEL SRI expression plasmid pBL-SRI1520, and this plasmid was introduced into B. subtilis 168. The transformant was grown in two-fold concentrations of Difco sporulation medium (2 Â DSM) supplemented with tetracycline (30 mg per liter) at 37 C. The cells were harvested at 3 h after the onset of sporulation (T 3 ), because during T2 to T3 an asymmetrical septum is formed, which process is one of the key stages in morphological differentiation. The GroEL SRI was induced by 0.5% xylose for 1 h before the cells were harvested.
Large-scale non-denaturing purification by nickelnitriloacetic (Ni-NTA; Qiagen) metal-affinity chromatography was performed in accordance with the manufacturer's instructions, with some modifications. B. subtilis carrying pBL-SRI1520 was grown in 2.4 liters of 2 Â DSM under the above-mentioned conditions. The cells collected by centrifugation were resuspended in lysis buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10 mM imidazole, and 1 mM phenylmethylsulfonyl fluoride, PMSF) containing glass beads, and then disrupted by sonication. The supernatant was harvested by centrifugation and applied to an Ni-NTA column. To avoid nonspecific interaction with GroEL, we washed the column using three wash buffers. First, the column was washed with buffer A (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 20 mM imidazole), second with buffer A containing 1 mM ATP, 5 mM MgCl 2 and 1 mM PMSF, and third with buffer A containing 20% methanol and 0.1% Triton X-100. The protein bound to the resin was eluted with elution buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 250 mM imidazole). This eluted sample was concentrated by TCA/acetone precipitation and separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). When the sample was prepared for two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), the substrates were eluted with 8 M urea before the elution step.
Because the large amount of protein (GroEL SRI in this case) obstructed isoelectric focusing (IEF), we needed to separate the GroEL SRI from the sample. This sample was concentrated as described above, and resolved by 2D-PAGE, using the products of and protocols recommended by Amersham Biosciences (Tokyo). The substrate proteins were dissolved in rehydration buffer (9.8 M urea, 2% Triton X-100, 0.5% IPG buffer, 20 mM DTT, and 0.001% bromophenol blue), and separated by IEF on an Immobiline DryStrip (13 cm long, pH 3-5.6 NL), followed by 10% SDS-PAGE for the second dimension.
After SDS-PAGE, the identities of the proteins in 10 Coomassie-stained bands were determined by Edman degradation using an ABI 473A amino acid analyzer (Fig. 1A) . Substrates separated by 2D-PAGE were stained by SYPRO Ruby (Bio-Rad, Boston, MA), and spots were identified by MALDI TOF-MS, as described by Zhu et al. 8) By non-expression of GroEL SRI in B. subtilis, YolJ and PunA were found to bind nonspecifically to Ni-NTA agarose (data not shown). About 110 proteins were detected under these conditions (Fig. 1B) ; 28 candidates for GroEL substrates were identified (Table 1) , and others were not. Of these, DnaK, Tig, PdhC, PdhD, Eno, GapA, tsf, FbaA, ThiG, and AhpC have been reported to be substrates in E. coli by Kerner et al. 4) However, none of these proteins have been reported to be substrates in T. thermophilus.
5)
Spo0B, Ald, Eno, SpoIIP, and FbaA are thought to be involved in sporulation, and Rnc, Tuf, Eno, Tsf, and FbaA are essential for growth in B. subtilis. FbaA is fructose-1,6-bisphosphate aldolase (EC 4.1.2.13) in E. coli. This protein is designated as a class II GroE substrate, which requires GroEL and GroES for refolding in vitro. 4) FbaA in B. subtilis is an essential protein, 6) and its expression level is constant during the course of growth and sporulation. 9) Given that FbaA is phos- phorylated during late vegetative growth and sporulation, 10) it is thought to be involved in sporulation. In B. subtilis, GroEL expression continues during sporulation.
11) This information supports a role for GroEL as a sporulation protein.
To investigate the GroEL substrates that change in amount depending on various sporulation stages, cells were harvested at T 0 (initiation stage of sporulation), T 3 (forespore formation stage), and T 6 (maturation stage of forespore) ( Fig. 2A) . Equal amounts of substrates (30 mg) were separated by 2D-PAGE, and three gels were compared using ImageMaster 2D Platinum software (Amersham Biosciences, Tokyo). Only two proteins, AtpA and SpoIIP, appeared to increase during sporulation; the others did not change (Fig. 2B) . SpoIIP belongs to the E regulon, and its expression peaks at T 2 . 12) No details of AtpA expression have been reported. Recently, it was found using a bioinformatic approach that E. coli GroEL substrate proteins contain multiple copies of binding motifs similar in sequence to the mobile loop peptide of GroES. 13) AtpA and SpoIIP also have multiple motifs, and hence it is possible that they interact with GroEL preferentially as their amounts increase in the cell.
In this study, we identified 28 candidates for substrates of GroEL; 21 of them were separated by 2D-PAGE (within the ranges of pI 4-5.6 and Mw 20-100 kDa), and their identities were determined by MALDI TOF-MS. Using a mass spectrometer set to equal sensitivity, about 120-130 B. subtilis cytosolic proteins on 2D-PAGE gels (within the ranges of pI 4.5-5.5 and Mw 20-100 kDa) were identified by MALDI TOF-MS. 14) This is larger than the rate determined for E. coli, 15) in which 21 proteins out of about 130 determinable cytosolic proteins were found to interact with GroEL. In E. coli, mutation of the tig and dnaK genes causes death at 30 C, 16) whereas a B. subtilis dnaK/dnaJ/tig triple mutant can grow at 37 C or 49 C, but not at 53 C. 17) Taken together with the results of the present study, these findings suggest that GroE plays a more important role in protein folding in B. subtilis than in E. coli under normal growth conditions. Moreover, we found that various sporulation proteins are GroEL substrates, and that many substrates identified in B. subtilis haven't been reported in E. coli 4) or T. thermophilus. 5) These results suggest that GroEL has different substrate specificities, in accordance with the protein range of its host cells. 
